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The human endogenous retrovirus family HERV-K(HML-2) encodes the so-called Rec protein that displays functional similarities to the
HIVREV protein. The number of proviruses producing Rec protein was hitherto unknown. We therefore analyzed the human genome
sequence data and determined seven HERV-K(HML-2) proviruses potentially capable of producing Rec both on the mRNA and the protein
level. We analyzed Rec mRNA expression in the Tera-1 cell line and in synovial tissue, and in the expressed sequence tag (EST) database.
Diagnostic nucleotides assigned transcriptionally active and Rec-encoding proviruses to human chromosomes 6, 7, 11, and 12. Differently
spliced mRNAs were also identified. The various active proviruses encode almost identical Rec proteins. Our study contributes to the
understanding of the biology of HERV-K(HML-2) Rec protein. Our study further demonstrates that minor sequence differences among
proviruses allow assigning HERV transcripts to particular proviral loci. Extended studies will eventually yield a more complete image of
HERV transcription, regulation, and biological significance in diverse human tissues.
D 2004 Elsevier Inc. All rights reserved.Keywords: Human endogenous retrovirus; HERV-K; Provirus; Expression; cORF; RecIntroduction
The human genome harbors about 8% of sequences with
retroviral origin. Among those sequences, human endoge-
nous retroviruses (HERVs) are remnants of ancient retro-
viruses (International Human Genome Sequencing Consor-
tium, 2001). Millions of years ago, various exogenous
retroviruses entered germ cells of early primate species
formed proviruses in the germ cell genome and were
eventually fixed in the population. Throughout evolution,
proviral copies were carried in the various primate species,
genomes until today. Proviral copy numbers could increase
dramatically by intracellular (retrovirus-like) retrotransposi-
tion, leading to several thousand proviral copies for some
HERV families (reviewed in Gifford and Tristem, 2003;
Sverdlov, 1998). Since initial germ line integration, the0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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leaving the original retroviral genes coding deficient. How-
ever, some exceptions have been described. For instance, an
envelope protein encoded by a HERV-W provirus is
expressed during formation of syncytiotrophoblasts in the
human placenta, and fuses cell membranes when expressed
in cell culture (Blond et al., 2000; Mi et al., 2000). The so-
called HERV-K(HML-2) family, previously also termed
HERV-K/HTDV (Lower et al., 1993; Tonjes et al., 1996)
or HERV-K10 (Ono et al., 1986), retained open reading
frames (ORFs) despite presence in the primate genome for
about 35 million years. Two types of proviruses have been
detected that differ by the presence of a 292-bp sequence
within the pol–env boundary, with type 2 genomes being the
longer variant (Lower et al., 1993). The mutational event
probably occurred immediately after the evolutionary split of
hominoids from apes, as the latter species lack shorter
proviruses (Mayer et al., 1998). HERV-K(HML-2) provi-
ruses displaying open reading frames for the retroviral gag,
prt, pol, or env genes have been shown in the human genome
as well as corresponding retroviral enzymatic activities
(Lower et al., 1993; Mayer et al., 1997a, 1997b; Mueller-
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was identified on human chromosome 7, and a completely
intact provirus was reported recently as an allelic variant in
the human population (Barbulescu et al., 1999; Mayer et al.,
1999; Tonjes et al., 1999; Turner et al., 2001). Strong
expression of HERV-K(HML-2)-derived transcripts and pro-
teins was detected in germ cell tumors (GCT) and respective
cell lines. Furthermore, the presence of HERV-K(HML-2)
Gag or Env antibodies may serve as a diagnostic marker for
GCT (Boller et al., 1997; Sauter et al., 1995, 1996).
In addition to the ‘‘classic’’ retroviral proteins, HERV-
K(HML-2) was shown to encode a 14-kDa protein within
the env gene, termed Rec, or cORF, or K-Rev, that shares 87
amino acids (aa) with the Env protein and an extra 18 aa
immediately upstream from the 3V LTR in an open reading
frame (ORF) different from env. Only type 2 proviruses are
able to produce Rec mRNA because of the presence of
proper splice signals and coding sequence within the env 5V
region, as opposed to type 1 proviruses. The Rec protein is a
functional counterpart to the HIVREV protein that is export-
ing unspliced HIV transcript from the nucleus. Rec similarly
interacts with the Crm1 nuclear export factor and binds a
specific RNA secondary structure within the HERV-
K(HML-2) RNA. Functional nuclear localization and export
signals (NLS, NES) have been demonstrated. Thus, a
protein functionally similar to HIVREV was already present
in the exogenous precursor to the HERV-K(HML-2) provi-
ruses about 35 million years ago (Boese et al., 2000a,
2000b; Lower et al., 1995; Magin et al., 1999, 2000; Yang
et al., 1999). More important, interaction of Rec with the
promyelocytic leukemia zinc finger protein (PLZF) was
demonstrated, leading to the hypothesis that Rec may
contribute to GCT development by impeding processes
during spermatogenesis (Boese et al., 2000a, 2000b).
HERV-K(HML-2) is a multi-copy family, with about 30
full-length proviral genomes per haploid human genome
and a higher number of remnants of proviruses. A signifi-
cant number of proviruses are of type 2, and several of them
might encode Rec protein. However, there is, as of yet, no
information on the number of HERV-K(HML-2) proviruses
in the human genome able to produce Rec mRNA and
protein. We analyzed the human genome sequence for such
HERV-K(HML-2) proviruses. We furthermore examined
Rec mRNA expression in vivo. Our study contributes to
the understanding of the biology and significance of Rec in
the human organism. We also discuss prospects to establish
genomic maps of transcriptionally active HERV loci from
mRNA sequence data.Results
Identifying Rec coding-competent HERV-K(HML-2) loci
The human endogenous retrovirus family HERV-
K(HML-2) produces a protein designated Rec that is trans-lated from an additionally spliced env mRNA. Several
sequence features are required to produce Rec mRNA. Only
HERV-K(HML-2) type 2 proviruses are able to produce Rec
mRNA due to Rec-encoding portions and a splice donor site
within the 292-bp sequence. Additional splice donor and
splice acceptor signals are located downstream from the 5V
LTR, upstream from the env gene, and upstream from the 3V
LTR, respectively (Lower et al., 1995). Before splicing, full-
length proviral RNA should be initiated by the 5V LTR’s
TATA-box and terminated by a poly-A signal within the
3VLTR (Fig. 1). Obviously, the resulting Rec mRNA must
hold an open reading frame (ORF) for the Rec protein.
Using the most recent version of the Human Genome
Browser (final check with April 2003 Freeze), we searched
the human genome sequence for HERV-K(HML-2) provi-
ruses meeting those criteria. Among proviruses with rela-
tively intact proviral structures, we detected 17 harboring
the 292-bp sequence and therefore representing Rec splic-
ing-competent type 2 genomes. In the following, we name
the various proviruses according to the numbers given in
Table 1. The recently reported HERV-K(HML-2.HOM)
provirus is organized as two tandem proviruses (Reus et
al., 2001a) that share a central LTR. We therefore counted
each proviral portion as a single Rec-encoding locus,
represented by proviruses 4 and 5 in Table 1.
We further inspected the proviral sequences. Nucleotide
positions are called with respect to the HERV-K(HML-
2.HOM) sequence (GenBank accession no.AF074086).
We found that proviruses 6, 10, and 13 lacked a 5V LTR
entirely, while proviruses 1 and 14 displayed deletions of
the entire U5 region and the 5V most 150 bp of the U3
region, respectively. In addition, provirus 6 displayed a
deletion of about 1.4 kb within the env gene, ranging from
nt 7089 to 8465, and provirus 17 lacked proviral sequences
downstream from nt 8286.Proviruses 10 and 15 harbored an
AluYa5 and an AluSp element respectively, within the pol
region. Provirus 14 harbored a solitary HERV-K(HML-2)
LTR in the same gene. Compared to the TATA-box se-
quence in the HERV-K(HML-2.HOM) 5V LTR, proviruses
14–17 displayed slightly different sequences. Splice donor
signals somewhat different compared to the one in HERV-
K(HML-2.HOM) were identified in 10 proviruses, with
provirus 7 showing an 8-bp deletion starting at nt 3 of the
intron portion. Proviruses 3 and 14 displayed differences in
splice acceptor and splice donor sites upstream from and
within the env gene, respectively. The splice acceptor site
upstream from the 3V LTR differed in proviruses 11, 12, and
13, and was missing in provirus 6. The 3V end of the env
deletion in the latter provirus coincided with the presumable
intron end that is spliced from env during generation of Rec
mRNA. Finally, the poly-A signal region was missing in
provirus 1, and was altered in one nucleotide in provirus 4.
Notably, proviruses 11–17 belong to an evolutionary older
HERV-K(HML-2) variant that we recently named HERV-
K(OLD) (Reus et al., 2001b), as evidenced by the presence
of a 96-bp sequence within the gag gene, for instance.
Fig. 1. Schematic representation of Rec splicing and additional splice products. Rec mRNA is further spliced from an env mRNA by removal of most of the env
gene. Location of splice donor (SD1–SD2) and splice acceptor (SA1–SA2) sites for Rec splicing are indicated. Arrowheads denote location of
oligonucleotides for Rec-specific RT-PCR. The lower part of the figure indicates locations of two additional Rec-different splice products that were identified
during the study. Both variants employ SD sites more upstream from the Rec SD2 site.
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rized in Table 2.
We generated Rec mRNA sequences in silico by remov-
ing intronic sequences from the proviral sequences. We also
included those proviral sequences displaying larger dele-
tions or altered sequences within the 5VLTR or env gene
regions, for instance (see above). After translation of the
resulting mRNA in the proper reading frame, we found that
out of the 17 identified type 2 proviruses 11 could encode a
full-length Rec protein. Besides the HERV-K(OLD)-likeTable 1
Genomic localization of HERV-K(HML-2) type 2 proviruses analyzed in this stu
Locus
number
Location in April 2003 Freeze Chr.
Localization
1 chr3:126889873-126901116 3q21.2
2 chr5:30485437-30496686 5p13.3
3 chr6:78375915-78387115 6q14.1
4 chr7:4329521-4354837 7p22.1
5 chr7:4329521-4354837 7p22.1
6 chr10:101709101-101722684 10q24.2
7 chr10:7015479-7026716 10p14
8 chr11:101598996-101610238 11q22.1
9 chr12:58437090-58448318 12q14.1
10 chr19:32803588-32815338 19q12
11 chr1:12692867-12705943 1p36.21
12 chr1:12946202-12957451 1p36.21
13 chr3:75405004-75415482 3p12.3
14 chr6:28711618-28724463 6p22.1
15 chr19:20231589-20243801 19p13.11
16 chr19:42270336-42285532 19q13.13
17 chr22:22200716-22217944 22q11.23
a For convenience, the different proviruses were numbered consecutively. Localizat
the chromosomal band, and a GenBank entry that harbors the particular provir
orientation within the GenBank entry.provirus 13, all ‘‘modern’’ proviruses displayed Rec ORFs
(Fig. 2). Lack of ORFs could be explained by frame-shift
mutations; a 13-bp deletion in proviruses 11 and 12, a 4-bp
deletion in provirus 16, and a 10-bp deletion in provirus 17,
all producing downstream stop codons. Provirus 14 dis-
played a CAG!TAG mutated codon, and provirus 16
displayed a CGA!TGA mutation, located 107 and 58 nt
respectively, downstream from the Rec start codon.
Corresponding Rec protein sequences differed between
each other in several positions due to sequence variations ondya
GenBank
accession no.
PV 5V start Or.
AC092903.11 152,483 
AC025757.3 13,109 
AL590785.7 43,412 
AC072054.10 38,914 
AC072054.10 47,417 
AL392107.17 19,354 
AL392086.14 42,355 
AP000776.4 101,081 +
AC025420.26 37,159 +
AC112702.3 27,512 
AL365443.16 98,853 
AL603890.14 56,306 +
AC133041.3 42,217 +
AL121932.19 77,078 +
AC078899.1 61,897 +
AC012309.8 29,389 
AP000346.1 19,207 +
ions in the Human Genome Browser April 2003 Freeze are given, as well as
us. The last two columns give the proviral 5V start position and provirus
Table 2
Summary of Rec-relevant sequence features of HERV-K(HML-2) type 2 proviruses analyzed in this study and transcriptional activity of provirusesa
No. Remarks 5VLTR TATA-Box
TATAAAA
SD1
ACG/GTAAGC
SA1
ACTAG/ACAT
SD2
GTG/GTAAG
SA2
GTTAG/TCTG
3’LTR Poly-A
AATAAA
Rec
ORF
Tera-1 ST EST
1 D U5 D +
2 TCG/GTAAGC +
3 ACTAG/ACCT + + +
4 AGTAAA + + + +
5 + + + +
6 D nt 7089–8465 D D D +
7 ACA/GTGCGC +
8 + + + +
9 + +
10 AluYa5 (nt 5533) D D ACA/GTAAGC +
11 OLD GCG/GTAAGC GTTAG/TCTA 
12 OLD GCG/GTAAGC GTTAG/TCTA 
13 OLD D D GCA/GTAAGC GTTAG/TCTA +
14 OLD, solLTR (D nt TGTAAAA GCT/GTAAGC GTG/GTGTC
(nt 4848) 1–150) 
15 OLD, AluSp
(nt 5943)
TGTAAAA GCG/GTAAGC 
16 OLD TGTAAAA GCG/GTAAAC  +
17 OLD (D nt 8286 end) TGTAAAA GCG/GTAAGC D D 
a The numbers in the first column refer to the ones given in Table 1. ‘‘D’’ indicates deletion of the particular proviral portion. Differences to the presumably functional sequence are given for various sequence
requirements important for Rec expression. See Fig. 1 for location of splice donor (SD) and splice acceptor (SA) sites. Proviruses displaying an open Rec reading frame (Rec ORF) are indicated by ‘‘+’’ while
defective ORFs are indicated by ‘‘’’. Note that provirus 6 displays a mutation in env partially coinciding with Rec SA2 (see text). The last three columns designate proviruses found expressed in Tera-1, synovial
tissue (ST), or as expressed sequence tags (EST).
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Fig. 2. Multiple sequence alignment of Rec protein sequences encoded by various type 2 proviruses. Rec protein sequences encoded by the HERV-K(HML-2)
proviruses identified in this study are shown. ‘‘cORF’’ is the originally reported sequence, subsequently named Rec (20). All ‘‘modern’’ proviruses and one
HERV-K(OLD) provirus display intact Rec ORFs. Differences on the amino acid level are indicated. Previously reported nuclear localization and nuclear
export signals (NLS, NES) are indicated. Protein portions missing from additionally spliced mRNAs are indicated by black lines. Deletions of 5VLTR U5
regions or the entire LTR in some loci are denoted. ‘‘E’’: provirus was found expressed. Note that numbers 4 and 5 represent the left and right provirus of the
HERV-K(HML-2.HOM) tandem provirus that are identical in sequence.
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K(OLD)-like provirus 13 was the most divergent sequence.
Some sequence differences were in recently reported nuclear
localization and nuclear export signals (NLS, NES). Provi-
ruses 1, 2, and 6 displayed aa changes within the NLS, while
provirus 7 displayed a single aa exchange within the NES
region. Provirus 9 lacked an aa at position 34 owing to a
triplet deletion in the coding sequence (Fig. 2).
Taken together, our data show that among 17 HERV-
K(HML-2) proviruses, 10 appear incompetent to produce
Rec due to the lack of 5V LTR sequences or a closed Rec
reading frame. On the other hand, seven HERV-K(HML-2)
proviruses appear capable of producing Rec both on the
mRNA and the protein level.
Recently, two HERV-K(HML-2) proviruses termed
HERV-K113 and HERV-K115 were reported displaying
allele frequencies of 30% and 15%, respectively, in the
human population (Turner et al., 2001). Based on published
sequence entries, both proviruses are capable of producing
Rec mRNA and protein as well. Compared to the other Rec
proteins, HERV-K113 displayed an Arg!Tyr change at aa
89, and HERV-K115 displayed a Pro!Leu change at aa 92
(not shown).HERV-K(HML-2) Rec-expressing loci
Our data suggested that multiple HERV-K(HML-2) loci
in the human genome are able to express Rec on the mRNA
and the protein level. We therefore investigated which
proviral loci are indeed found expressed on the mRNA
level. We chose first a cell line, Tera-1, for which strong
expression of HERV-K(HML-2) was previously reported
(Armbruester et al., 2002; Sauter et al., 1995). We subjected
total RNA isolated from the Tera-1 cell line to RT-PCR
using PCR primers located at the start of the Rec ORF, and
downstream from the Rec stop codon (Fig. 1). We obtained
sequences from 18 randomly chosen RT-PCR clones. The
sequences were very similar to the previously reported Rec
mRNA sequence (20). Two sequences were slightly shorter
than expected, both lacking a 57-bp sequence 205 nt
downstream from the Rec start codon. We propose that
those sequences originated from additional splicing of the
Rec mRNA. First, there was no proviral DNA sequence in
the human genome detectable that lacked the 57-bp se-
quence alike. Thus, the mRNA sequences did not derive
from a (expressed) pseudogene sequence. Second, the
putative SD and SA sequences are consistent with previ-
J. Mayer et al. / Virology 322 (2004) 190–198 195ously reported splice signal requirements (Mount, 1982).
Obviously, the two mRNAs were generated by use of
another SD within the env mRNA located upstream from
the original Rec SD. The SA was identical to the Rec SA2
site (Fig. 1). mRNA sequences obtained from the Tera-1 cell
line were deposited in GenBank (accession numbers
AY37102 to 9AY371046).
We analyzed in a similar fashion total RNA from
synovial tissue primary cultures from rheumatic arthritis
specimens for which we could show expression of HERV-
K(HML-2) Rec. In total, 87 RT-PCR clones were analyzed.
Representative sequences were deposited in GenBank (ac-
cession numbers AY395517 to AY395526). Again, sequen-
ces were very similar but not identical to the previously
reported Rec mRNA, also displaying differences between
each other. However, closer examination of the sequences
allowed defining particular recurring sequence variants. The
above-described additional splice variants using a 57-bp
upstream SD were also found. Furthermore, we identified a
splice variant that resulted from a SD 132 nt upstream from
the original Rec SD, again being spliced to the Rec-typical
SA2 (Fig. 1).
The in silico generated Rec sequences displayed several
differences compared to each other that seemed character-
istic for each proviral sequence. Especially, the HERV-Fig. 3. Diagnostic nucleotide differences within the Rec coding sequence. The regi
study (see Fig. 1 and text). The figure summarizes all diagnostic positions identifi
the Rec start codon, located at position 6451 of the HERV-K(HML-2.HOM) provir
named Rec (20). The sequence differences depicted here were instrumental in asK(OLD)-like proviruses displayed manifold differences
(Fig. 3). The Rec mRNA–cDNA sequences likewise
exhibited sequence differences between each other. We
reasoned that those sequence differences could serve as
diagnostic sites for a particular proviral locus. By comparing
the genomic and the RT-PCR sequences we were able to
assign the different in vivo Rec mRNA sequences to various
HERV-K(HML-2) proviruses. Among the RT-PCR products
from synovial tissue, several recurring sequence variants
could be defined. For instance, two sequences displayed a
triplet mutation that was found on the genomic level only in
provirus 9. Further diagnostic sites corroborated that those
mRNAs originated from provirus 9. We furthermore iden-
tified Rec mRNAs to be derived from proviruses 3, 8, and 4/
5. For the latter, it can no be concluded whether transcripts
were derived from the left or the right portion of the tandem
provirus because both proviral portions are identical in
sequence. For the Tera-1 cell line, we identified transcripts
to be derived from proviruses 3, 4/5, and 8. We found 15 out
of 18 RT-PCR clones from proviruses 4/5, two from
provirus 3, and one derived from provirus 8. The two
sequences showing an additional splicing event were also
derived from provirus 4/5.
Taken together, our analysis identified three HERV-
K(HML-2) loci in the Tera-1 cell line to be transcriptionallyon shown here is the one encompassed by the PCR primers employed in this
ed in the different proviruses for the regarded Rec region. nt 1 is defined as
us. ‘‘cORF’’ represents the previously reported cORF mRNA, subsequently
signing Rec mRNA sequences to single proviral loci.
J. Mayer et al. / Virology 322 (2004) 190–198196active. Synovial tissue displayed expression of the same, plus
an additional provirus. Expression of those loci probably
results in the expression of the corresponding Rec proteins.
Rec transcripts in the human EST database
We searched for human expressed sequence tags (ESTs)
resembling Rec mRNA employing the previously reported
Rec (cORF) mRNA sequence (GenBank accession no.
X82271) (Lower et al., 1995) as query for BlastN searches
in the human EST database. We identified GenBank acces-
sion numbers BU157610, CF227268, and H91949 to dis-
play intron-less sequences resembling a Rec mRNA. The
ESTs were derived from a melanotic melanoma cell line,
from embryonic stem cells, and from retina, respectively.
SD1 was joined to SA1 and SD2 was joined to SA2 in the
first two entries. The latter only displayed a joined SD2–
SA2 region, but upstream sequences were missing from the
entry. Other EST matches only displayed joined SD1–SA1
regions. Those may also stem from an env mRNA, rather
than Rec, and were therefore not further regarded. Despite
the lower quality of EST sequences EST BU157610 very
likely derived from proviruses 4/5 as it shared diagnostic
nucleotides with the genomic sequence(s). EST entry
CF227268 was probably transcribed from provirus 8 because
of two matching diagnostic nucleotides. Interestingly, EST
H91949 was probably transcribed from the HERV-K(OLD)-
like provirus 16 as indicated by manifold matching diag-
nostic positions.Discussion
The Rec protein encoded by the HERV-K(HML-2) family
displays striking functional similarities to the HIVREV pro-
tein and may be involved in germ cell tumorigenesis. Rec
protein is translated from an additionally spliced envmRNA,
and several sequence features are required to enable Rec
production (see Introduction). Our survey of the human
genome yielded 11 out of 17 proviruses to harbor an intact
Rec ORF. However, four of those loci probably cannot
produce RNA transcripts because they lack 5V LTR sequen-
ces. Furthermore, provirus 6 displayed a larger deletion
within the env gene. Here, sequences of deletion end points
coincide very well with splice donor and acceptor signals,
and the deletion may represent an intronic sequence. We
therefore propose that provirus 6 was originally formed from
an equivalently spliced RNA.
There were seven proviruses resembling HERV-K(OLD)
proviruses that represent ancestors to the ‘‘modern’’ HERV-
K(HML-2) proviruses (Reus et al., 2001b). All but one
HERV-K(OLD) proviruses displayed a defective Rec read-
ing frame, very likely owing to their presence in the human
genome for about 28 million years, also reflected by a much
higher sequence divergence. Because the one Rec ORF
harboring HERV-K(OLD) provirus lacks the 5V LTR thatlocus appears unlikely to produce Rec protein as well.
Whether differences in splice signals, as seen in four of
those loci, affect splicing is not clear at this point. Because
the mutant sequences are still consistent with reported splice
signals (Mount, 1982), it is possible that they are functional.
Also, provirus 3 was found to produce Rec mRNA. In
summary, our analysis indicates that Rec protein can be
produced from seven HERV-K(HML-2) proviruses. In ad-
dition to the seven loci identified in our survey, a lower
number of human individuals will harbor one or even two
more Rec-encoding loci, represented by the recently
reported polymorphic HERV-K113 and HERV-K115 provi-
ruses. The significance of those polymorphic proviruses
regarding Rec coding capacity remains to be seen.
Differences within the Rec coding sequences result in
differences on the amino acid level in some instances.
Proviruses 1, 2, 6, 7, 9, and 13 display alterations in
previously reported nuclear export and localization signals.
However, proviruses 6 and 13 display defective 5VLTRs and
are therefore probably not transcribed. In accord,
corresponding Rec mRNA sequences were not found
expressed, at least not at higher levels in the HERV-
K(HML-2) highly expressing cell line, Tera-1, and in
synovial tissue. It is stressed that the latter is regarded in
this study as a biological specimen that was found to express
Rec on the protein level and that was therefore suited to
identify transcriptionally active HERV-K(HML-2) provi-
ruses, specifically, Rec-expressing loci.
Sequence differences in mRNA sequences unambiguous-
ly matched diagnostic sites in particular proviral loci. Very
few nt differences in other positions can be explained by RT-
PCR and sequencing errors, and potential single nucleotide
polymorphisms. We found proviruses 3, 4/5, and 8 expressed
in the Tera-1 cell line, and provirus 9 also expressed in
synovial tissue. Therefore, four HERV-K(HML-2) provi-
ruses are evidently capable of producing Rec protein. It is
not possible to conclude whether proviruses 4 and 5 are both
transcriptionally active because both display identical Rec
nucleotide sequences. We note that the Rec proteins
encoded by three of those active loci are identical in
sequence, the provirus 9 protein displays an aa exchange
and a gap, whereas loci with different Rec proteins were not
found active. Whether this indicates preferential expression
of a particular Rec sequence remains speculation. It may
also be possible that other potentially active loci are
expressed at much lower levels.
Rec is obviously also expressed in other tissues and
biological specimens, as was recently reported (Armbruester
et al., 2002), and as indicated by the EST data analysis in
our study. Here, proviruses 4/5, 8, and 16 were found active
in a melanoma cell line, in retina, and in embryonic stem
cells. The biological role of Rec expression in those cells
remains to be elucidated. Also, the function of differently
spliced HERV-K(HML-2) mRNAs is currently unclear. We
identified two additional splice products within the env
region that were due to alternative upstream splice donor
J. Mayer et al. / Virology 322 (2004) 190–198 197signals both being spliced to the obviously strong Rec-
typical splice acceptor signal (SA2). Both splice variants
retain open reading frames and lack central to C-terminal
protein portions compared to Rec (Figs. 1 and 2). The
shortest variant lacks the reported NES domain.
Our study further demonstrates that it is possible to
assign HERV transcripts to particular proviral loci. As
proviruses for a given HERV family are heterogeneous
in sequence, those sequence differences can serve as
diagnostic sites that will be present in mRNA sequences
as well. The HERV-K(HML-2) family can be regarded as a
relatively homogeneous HERV family. Other families’
proviruses display much more sequence differences when
compared with each other and retroviral transcripts can be
assigned to single proviruses for other HERV families as
well. In this study, we focused on Rec to contribute more
information on the biology of that protein. Similar studies
employing gag gene regions, for instance, are expected to
yield a more complete picture of transcriptionally active
loci. Starting material for such an analysis may be mRNA
to avoid presence of unspliced RNA that may contain
HERV sequences in intronic portions. Recently, a universal
retrovirus chip was reported that detects expression of a
variety of HERV families (Seifarth et al., 2003). Subse-
quent expanded studies for other HERV families and
various tissue types, also employing data in EST data-
bases, should yield a comprehensive picture of in vivo
HERV expression. Eventually, understanding of HERV
expression, regulation, and biological significance will be
significantly furthered.Materials and methods
We identified full-length HERV-K(HML-2) proviruses in
the human genome by Blat searches at the Human Genome
Browser web interface (Kent et al., 2002) (http://www.
genome.ucsc.edu) using the HERV-K(HML-2.HOM) (Gen-
Bank accession number AF074086) gag–prt–pol–env body
as probe. We compared the overall proviral structure to the
HERV-K(HML-2.HOM) reference sequence by dot matrix
comparison employing MacVector (Accelrys Ltd. Cam-
bridge, UK). Type 2 proviruses were identified by the 292-
bp sequence at the pol–env gene boundary (see Introduction).
We multiply aligned the reasonably intact proviral sequences
using ClustalW (Thompson et al., 1994), and subsequently
refined the alignment by hand using the Se-Al program
(Andrew Rambaut, http://evolve.zoo.ox.ac.uk). Multiple
alignments served to analyze sequence requirements for Rec
mRNA generation. Sequence portions corresponding to the
Rec mRNAwere extracted from the multiple aligned sequen-
ces and were translated into protein sequences.
The generation of Rec RT-PCR product from the Tera-1
cell line was as previously described (Armbruester et al.,
2002). PCR primer sequences were as follows: forward
primer: 5VATGAACCCATCGGAGATGCA3V, reverseprimer: 5VAACAGAATCTCAAGGCAGAAGA3V. RT-
PCR product was separated by agarose gel electrophoresis
and the Rec corresponding DNA fragment was isolated
from the gel using Geneclean II (QBiogene Inc.). Purified
DNA was cloned into the pGEM T-Easy vector (Promega
Inc.). Plasmid DNA from randomly selected insert-con-
taining clones was purified with Miniprep Spin Columns
(Qiagen Inc.). DNA inserts were sequenced from both
directions with vector-specific T7 and SP6 primers using
the Sequitherm Excel II DNA Sequencing Kit (Epicentre
Technologies) and a Li-Cor DNA Sequencher 4000L.
Sequences were further evaluated and corrected using the
Sequencer software (Gene Codes Corp.).
Generation of RT-PCR products from synovial tissue,
from rheumatic arthritic patients and normal controls was as
follows. After surgery, primary cell cultures were estab-
lished and total RNAwas isolated with RNA Clean (Hybaid
AGS, Heidelberg, Germany). After DNaseI treatment for 1
h at 37 jC, cDNA was reverse transcribed from 2 Ag total
RNA in the presence of 25 pmol random primers using
Omniscript (Qiagen). PCR primer sequences for Rec am-
plification were as above. PCR was carried out with HotStar
Taq Polymerase (Qiagen) and 25 pM primer concentrations.
PCR cycling conditions were as follows: 15 min at 95 jC;
35 cycles: 30 s at 94 jC, 30 s at 58 jC, 1 min at 72 jC;
final elongation 10 min at 72 jC. PCR products were
cloned into the pCR4-TOPO vector (Invitrogen). Positive
clones were purified with Qiagen Miniprep Spin columns.
Sequencing was performed using the Big Dye Terminator
Cycle Sequencing Kit and an ABI 310 Capillary Sequencer
(Applied Biosystems). Sequences were evaluated and cor-
rected using Sequencher.
We multiply aligned Rec mRNA sequences generated
from the human genome sequence with the RT-PCR sequen-
ces isolated from biological specimens. We assigned RT-
PCR sequences to particular loci by comparing occurrence
of diagnostic sites. A neighbor-joining analysis counting the
total number of sequence differences between genomic and
RT-PCR sequences gave identical results.Acknowledgments
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